The stability of a low-copy-number plasmid, pHSG415, in Escherichia coli, was investigated in batch and continuous culture. The plasmid was unstable in batch culture, but was significantly stabilized by growth in continuous culture with phosphate, nitrogen or potassium limitation. However, the plasmid was very unstable when grown in continuous culture with sulphate limitation. These results contrast with those obtained with multicopy plasmids such as pBR322, which is particularly unstable in carbon-or phosphate-limited continuous culture. The effect of growth rate on the stability of E. coli(pHSG415) grown in continuous culture with glucose limitation was also investigated. The plasmid was significantly more stable in cells grown at higher growth rates. The segregational instability (R) of the plasmid and the difference in growth rate between plasmid-free and plasmid-bearing cells (dp) were calculated for each condition using the method of Cooper et al. (accompanying paper: Journal of General Microbiology 133, 1871-1880). It was found that the primary cause of the loss of pHSG415 from the cell population was the segregational instability of the plasmid.
INTRODUCTION
The instability of plasmids in micro-organisms such as Escherichia coli can be generally attributed to two overall effects. These are the rate at which the plasmid-bearing cells generate plasmid-free cells, which is described here as the segregational instability of the plasmid (R), and the difference in growth rate (dp) between the plasmid-free and plasmid-bearing cells (Walmsley et al., 1983; Cooper et al., 1986 Cooper et al., , 1987 . Thus, for plasmids which greatly reduce the growth rate of the host cell, growth-rate difference would be the major factor contributing to the disappearance of plasmid-bearing cells from the population (Caulcott et al., 1985) . However, it is not always feasible to determine accurately which, if either, of dp and R is the dominant influence in the pattern of instability shown by a plasmid, nor whether it is possible to vary either parameter.
It is known, however, that several factors influence the observed instability of plasmids in micro-organisms. Hence studies of the stability of plasmids such as pAT153 and pBR322 have produced contradictory results, some of which are probably attributable to the use of different host strains (Jones, I. et al., 1980; Noack et al., 1981; Jones & Melling, 1984; Primrose et al., 1984; Caulcott et al., 1985) . The properties of the plasmid itself are also important. Many naturally occurring plasmids, for example, have a complex mechanism for copy-number control (Molin et al., 1981; Som & Tomizawa, 1983) which may include, particularly in low-copy-number plasmids, one or more sequences which assist in the partition of plasmid molecules at cell division (Meacock & Cohen, 1980; Skogman et al., 1983 , 1984) . Such a mechanism would make the generation of plasmid-free daughter cells less likely. It is interesting to note that cloning vectors tend to lack these stabilizing functions. It has also been found that modification of the plasmid may affect its stability (Jones & Melling, 1984; Vernet et al., 1985) . One particular type of alteration which can lead to considerable instability is the insertion of highly expressed heterologous genes into the plasmid (Imanaka et al., 1980; Miwa & Momose, 1982; Steuber & Bujard, 1982; Skogman et al., 1983; Caulcott et al., 1985) .
The growth conditions of the host cells may also affect the stability of plasmids. Glucose, phosphate and magnesium limitation in continuous culture have all been shown to reduce the stability of various plasmids (Godwin & Slater, 1979; Jones, I. et al., 1980; Noack et al., 1981 ; Jones & Melling, 1984) although no single limitation affected all plasmids tested. Nitrogen limitation was shown to have little effect on the stability of pBR325 (Roth et al., 1980; Wouters etal., 1980; Noack etal., 1981) . It has also been found that low growth rates (Mellingetal., 1977; Godwin & Slater, 1979; Wouters et al., 1980 ; results in this paper) and high growth temperatures (Wouters et al., 1980) reduced the stability of various plasmids in E. coli. From these results it is clear that those factors which influence plasmid stability are several and varied.
This paper describes the effect of various nutritional limitations and different growth rates on the stability of a low-copy-number plasmid, pSClOl, and the derivative, pHSG415. The latter plasmid has a temperature-sensitive origin of replication (Hashimoto-Gotoh et al., 1981) and is partially deleted for stability functions (par) (Tucker et al., 1984) . The work was done for two significant reasons. It was proposed to use pHSG415 as the basis of a dual-origin cloning vector for the expression of heterologous genes in E. coli (Yarranton et al., 1984; Caulcott et al., 1985; Wright et al., 1987) . However, because the vector was found to be unstable it was decided to replace the pHSG415 origin of replication and par fragment with the entire pSClOl origin of replication and par sequence. In addition, initial observations of the instability of E. coli(pHSG415) indicated that the loss of plasmid from the host cell followed a different pattern from that observed with other cloning vectors (Caulcott et al., 1985) , suggesting that the instability of the plasmid was not due to the growth rate difference it imposed on the host cell, but rather to instability of partitioning of the plasmid at cell division. Hence, in order to investigate this observation the relationship between the growth rate difference and the actual segregational instability of the plasmid pHSG415 in E. coli was determined.
METHODS
Bacterial strains andplusmids. The E. coli K12 strain RV308 was transformed with either pSClOl or pHSG415 (Hashimoto-Gotoch et al., 1981) and maintained on L-agar supplemented respectively with tetracycline (8 mg 1-I) or chloramphenicol (10 mg 1-I).
Media. For starter cultures, L-agar supplemented with the appropriate antibiotic and L-broth (supplemented with chloramphenicol for work with pHSG415) were used. For growth in continuous culture the defined salts medium described previously was used (Caulcott et al., 1985) , modified as necessary to give the desired nutrient limitation. Antibiotics were not added. Antifoam (polypropylene glycol 2000) was present in the medium at Chemostat exprimnts. For continuous culture experiments, cells were grown in 1 litre LH500 series fermenter vessels (LH Fermentation) at 30 "C. The pH was maintained at 6.5 by the addition of 3 M-NaOH. The fermenters were stirred continuously at 700 r.p.m. and aerated with one volume of air per culture volume per minute. The dissolved oxygen did not fall below 50% saturation. Using the defined salts medium, cells were grown under glucose, nitrogen, phosphate, potassium or sulphate limitation (in each case all other nutrients were in excess) at a dilution rate (0) of approximately 0.155 h-l. Cells were also grown under glucose limitation using a variety of dilution rates.
For E. coli RV308(pSC101), a single colony was taken from an agar plate containing tetracycline and inoculated into 100 ml L-broth in a 250 ml conical flask with a steel spring baffle. The culture was incubated on an orbital shaker (30 "C, 220 r.p.m.) until stationary phase was reached. The cells were harvested by centrifugation (700g, 20 "C, 10 min), resuspended in sterile medium minus the desired limiting nutrient and inoculated into a 1 litre fermenter vessel containing defined medium. When the culture reached an optical density at 600 nm of at least 60% of the maximum supported by the medium, the pump was switched on and the system was run as a chemostat. (inoculum) For E. coli RV308bHSG415) a similar procedure was adopted. However, the initial L-agar plate contained chloramphenicol rather than tetracycline. Furthermore, the L-broth starter culture and the medium during the initial batch phase in the fermenter were supplemented with chloramphenicol(20 mg 1-l). The feed medium was anti biotic-free.
For all continuous fermentations, once the total biomass in the vessel was constant (generally 24 h or more after switching on the pump), it was assumed that the initial transient growth phase had ceased. From this time the number of generations in the steady state were calculated.
Antibiotic resistance tests. Samples were withdrawn from the continuous cultures, diluted and plated onto L-agar. One hundred single colonies were picked both onto L-agar containing the appropriate antibiotic and L-agar as a control. The number of colonies resistant to the antibiotic was expressed as a percentage of the number growing on the L-agar and was taken to represent the proportion of the population which carried the plasmid.
From the binomial distribution, the error in this method can be determined using the formula standard deviation (SD) = fi where n = 100 (i.e. the number of colonies picked), p = the number of antibiotic-sensitive colonies and q = the number of antibiotic-resistant colonies. Hence the error on the observed data is greatest when p = q and tends towards zero when either p or q tends towards zero. By use of a statistical analysis of the data, this and other experimental errors are allowed for in the values presented in Results.
RESULTS
Growth of E. coli(pHSG415) and E. coli(pSCIO1) in batch culture Initially, inocula of E. coli(pHSG415) were prepared in the manner described for E. coli(pSC101). However, it was found on many occasions that, unlike pSC101, pHSG415 was very unstable in cells grown in batch culture, both in the defined medium normally used for chemostat culture and in L-broth (e.g. data in Table 1 ). The effect of adding chloramphenicol both to the starter culture medium and the initial batch phase of the chemostat culture was, therefore, investigated. Flasks containing chloramphenicol at 0, 10 or 20 mg 1-l in either Lbroth or defined medium were set up and each was inoculated with a single colony of E. coli(pHSG415). After growth to stationary phase (which took very much longer for cells growing in defined medium) the proportion of the population carrying the plasmid was determined. Each flask was then used to inoculate a further flask containing defined medium and chloramphenicol at the same concentration as was present in the initial flask. Again, the cells were allowed to grow to stationary phase, and the proportion of the population carrying the plasmid determined.
Since the percentage of antibiotic-resistant cells in an inoculum colony is not known, these data may be subject to some variation. However, the data showed that provided chloramphenicol was present, the choice of medium for the first flask (equivalent to the inoculum for a chemostat) was not important (Table 1) . Therefore, since the cells grew faster in L-broth, this medium, containing chloramphenicol at 20 mg l-l, was chosen for the inoculum. Further, in order to establish in the fermenter an initial cell population which contained as many plasmid-bearing cells as possible, chloramphenicol(20 mg 1-l) was added to the defined medium for the initial batch phase. Once the medium flow was switched on, residual chloramphenicol would be gradually washed out, ensuring that, when steady state was achieved, the medium was antibiotic-free, and so exerted no overt selective pressure in favour of the plasmid.
To determine whether pSClOl or pHSG415 had an effect on the maximum specific growth rate Lax) of the host, E. coli RV308, with and without the plasmids, was grown in batch culture in defined and complex media, and pmax was determined in each case. For a given medium, there was no significant difference between the values of pmax obtained for the two cell lines (data not shown).
Growth of E. coli(pHSGQI.5) in continuous culture with various nutrient limitations The stability of E. coli(pHSG415) grown in continuous culture with glucose, nitrogen, phosphate, potassium or sulphate limitation was investigated. In all cases the cells were grown at a dilution rate of approximately 0.155 h-l. There was considerable variation in the stability of E. coli(pHSG415) grown with different nutrient limitation (Figs 1 and 2) . Growing under phosphate limitation, E. coli(pHSG415) was very stable, but there was a progressive decrease in the stability of the plasmid with nitrogen, potassium and carbon limitations. When sulphate was the limiting nutrient the plasmid was very unstable indeed, and was lost from the population within 10 generation of entering steady state.
The natural logarithm (In) of the proportion of plasmid-bearing cells (p+) was plotted against the number of generations in continuous culture and a linear relationship was observed. Using Table 2 . Values for the segregational instability ( R ) and growth rate diference (dp) for E. coli(pHSG41.5) grown in continuous culture at a constant dilution rate (0.155 h -l ) with diferent nutrient limitations these plots, it was possible to calculate the segregational instability (R) of the plasmid and any growth-rate difference (dp) which there might be between the plasmid-bearing and the plasmidfree cells. The equations used were
(1 -ec -P -~)
(ec + P -0 ) dp = ( The results of these calculations are shown in Table 2 . In all cases, the segregational instability of the plasmid was one to two orders of magnitude greater than the growth rate difference. This indicates that the primary cause of loss of pHSG415 from E. coli RV308 when grown in continuous culture was the segregational instability of the plasmid. The rate of loss was particularly high under carbon and sulphate limitations; with the latter a rate of 0.259 gen-l represents the loss of the plasmid from a quarter of the cell population every cell division.
When cells were grown under conditions of phosphate or nitrogen limitation, dp was negligible. However, with the remaining three limitations there was a significant growth rate difference; accordingly, overgrowth of the plasmid-bearing population by the plasmid-free cells became a real possibility. Nevertheless, the higher growth rate of the plasmid-free cells did not contribute significantly to the loss of the plasmid from the population, even in the sulphatelimited culture, since the segregational instability of the plasmid was an order of magnitude greater in every case.
Growth of E. coli(pHSG415) with carbon limitation at various dilution rates
The stability of E. coli(pHSG415) when grown in continuous culture with carbon limitation at dilution rates (D) of 0.156,0.304,0.404 and 0.495 h-l was investigated (Fig. 3) . It was found that the plasmid was considerably more stable at the higher dilution rates (0.404 and 0-495 h-l) than at the lower dilution rates. It also appeared that the plasmid might be slightly less stable when the host was grown at D = 0.304 h-l than at D = 0.156 h-l.
The values of R and dp were calculated (Table 3) . At the high dilution rates the values for dp were negligible in relation to R, indicating that the very limited loss of plasmid observed was due to the segregational instability of the plasmid. Table 3 . Values for the segregational instability ( R ) and growth rate diference (dp) for E. coli(pHSG415) grown in continuous culture with carbon limitation at various dilution rates The values obtained for R and dp for cells grown at D = 0.304 h-l and 0.156 h-l were also similar. Although both parameters were slightly greater at D = 0.304 h-l than at D = 0.156 h-l, there was no significant difference between them at the 95% probability level. As with other nutrient limitations, the data support the conclusion that the primary cause of the loss of pHSG415 from the culture was segregational instability, and not growth rate advantage exhibited by the plasmid-free population.
Stability of E. coli(pSCIO1) in continuous culture
The stability of E. coli(pSC101) in continuous culture with nitrogen, phosphate, carbon, sulphate and potassium limitation, at growth rates of D = 0.155 h-l, and with carbon limitation, at D = 0.500 h-l, was investigated. The plasmid was found to be 100% stable under all conditions examined (data not shown).
DISCUSSION
The data obtained indicate that E. coli(pHSG415) was unstable in the batch cultures described here, and when grown with certain nutrient limitations in continuous culture. This finding is in contrast both to the parent plasmid, pSC101, which was stable under all growth conditions investigated, and to reports of Hashimoto-Gotoh et al. (1981) that E. coli(pHSG415) is stable in batch culture in complex medium through 100 generations. This latter result may possibly be attributable to host strain differences (Summers & Sherratt, 1984) or to variation in the chosen culture conditions. The difference between pSClOl and pHSG415 is probably due to the absence of most of thepar sequence from pHSG415. Since both pSClOl and pHSG415 are low-copy-number plasmids (approximately five copies per host chromosome), they have a relatively high probability of being lost at cell division unless actively partitioned (Table 4) . The par sequence present in pSClOl is believed to ensure that both daughter cells contain at least one copy of the plasmid after cell division (Meacock & Cohen, 1980; Skogman et al., 1983) , thereby greatly reducing the probability that plasmid-free daughter cells would arise. A reduction in the efficiency of this system would be expected to cause an increase in the segregational instability of a plasmid, as was observed with E. coli RV308(pHSG415) when grown in continuous culture under some nutrient limitations. Similar results were also observed by Tucker et al. (1984) on deletion of various segments of the par region of pSC10l-derived plasmids. Despite the reducedpar sequence, the segregation of pHSG415 at cell division still may not be an entirely random process. If it were, no variation in the kinetics of plasmid loss would be expected when the cells were grown under a variety of culture conditions, including different growth rates. The results presented here demonstrate considerable variation in the segregational instability of pHSG415, and, therefore, in the kinetics of loss of the plasmid. In particular, the plasmid appeared to be more stable than would be predicted when the cells were grown with phosphate, nitrogen or potassium limitations. In constrast, the rate of loss of the plasmid from cells grown with sulphate limitation was very much higher than might have been expected.
It is possible that an explanation for these observations is the effect of the temperaturesensitive origin of replication of pHSG415. However, Hashimoto-Gotoh et al. (1981) argued that the origin of replication functions correctly at 30 "C, by demonstrating that the plasmid is stable for over 100 generations in their growth condition. Nevertheless, it would be valuable to examine the stability of a rep-tspar+ derivative of pSClOl.
For many of the E. coli plasmids previously investigated in continuous culture, carbon and phosphate limitations have given rise to the greatest degree of plasmid instability (Wouters et al., 1980 , Noack et al., 1981 Jones & Melling, 1984) . Many of the plasmids studied have been either multicopy vectors or large, resistance-factor plasmids such as RPl (Melling et al., 1977) . It may be significant, therefore, that pHSG415, a small, low-copy-number plasmid, is stable when grown under conditions of phosphate limitation. It is possible that there is a relationship between the nutritional conditions in which a host-plasmid system is grown and the copynumber of the plasmid, as observed by Engberg & Nordstrom (1975) and Seigel & Ryu (1985) , who found that plasmid copy-number was inversely proportional to host cell growth rate. An alternative explanation is that the effect which some plasmids exert on the metabolism of their hosts is significant. It is not known whether the instability of plasmids such as pBR322 is caused by segregational instability or growth rate difference, but it is possible that plasmids which impose a metabolic load on their host cell (dp > R ) are subject to certain limitations which lead to high rates of plasmid loss, whereas in the case of plasmids where R > dp, such as pHSG415, there could be an alternative group of nutritional limitations which cause the plasmids to be very unstable.
C . A . C A U L C O T T A N D OTHERS
Although there are variations in the effect different nutritional limitations have on the stability of plasmids, more consistent results have been found with the effect of growth rate since, in general, it has been found that plasmids are more stable at higher growth rates (Melling et al., 1977; Godwin & Slater 1979; Roth et al., 1980; Wouters et al., 1980) . Similar results were observed in the experiments with E. coli RV308(pHSG415), although an orderly relationship between growth rate and plasmid instability was not found.
Perhaps the most interesting aspect of all these results is that associated with the variation in the stability of E. coli(pHSG415) with different growth conditions. In particular, having observed that pHSG415 was unstable in E. coli RV308 grown in batch culture, it was very surprising to find that the same host and plasmid combination was essentially stable when grown in continuous culture with phosphate or nitrogen limitation. In general, previous workers investigated the instability of plasmids found to be stable in batch culture but unstable in continuous culture (Wouters et al., 1980 , Noack et al., 1981 Jones & Melling, 1984) . The results here may be specific to E. coli RV308(pHSG415) but they do lead to interesting questions. For example, are there physiological ways to improve the stability of unstable plasmids? Is there a relationship between the growth environment and the effect a plasmid exerts on its host? The answers to questions such as these will undoubtedly contribute significantly to the understanding of how bacteria interact both with their plasmids and their environment.
